Introduction
Freemartins are XX/XY chimaeras that develop as a consequence of fusion of the chorioallantoic circulation in pregnancies consisting of at least one male and one female fetus (McEntee, 1990) . Freemartinism is a common condition of cattle that affects > 90% of the female calves from mixed-sex pregnancies (Marcum, 1974) and, consequently, is of economic significance to the cattle breeding industry. Traditionally, ovine freemartinism has been regarded as a rare abnormality (Dain, 1971; Long, 1980; Matejka et al., 1987) , despite the high incidence of multiple pregnancies in sheep. However, over the past 10-15 years, the prevalence of ovine freemartinism has increased significantly (Bindon et al., 1987; Cribiu et al., 1990; Gill and Davies, 1991) , largely as a consequence of changes in patterns of sheep breeding. Over this period, new breeds of sheep, which have much larger litters than traditional breeds, have been developed as a result of the discovery of high fecundity genes (see King, 1996) . The risk of freemartinism is greatly increased in the progeny of ewes that carry litters of four or more lambs (Bindon et al., 1987) , so freemartinism occurs largely in such breeds.
The anatomical features of freemartinism are well recognized. The gonads of bovine freemartins are usually vestigial and there is either a marked hypoplasia or a complete aplasia of the paramesonephric ducts. Masculinization of the gonads occurs occasionally in more extreme cases and, in most of such cases, there is also development of the mesonephric ducts. Affected animals have rudimentary epididymides, vasa deferentia, pampiniform plexes and vesicular glands (Roberts, 1986; McEntee, 1990) . Similar morphological abnormalities are present in ovine freemartins, although it is usual for both the gonads and the mesonephric ducts to be much more masculinized than in cattle (Wilkes et al., 1978; Cribiu and Matejka, 1985; Smith, 1996) . Thus, a typical ovine freemartin has gonads that resemble testes; only a small proportion have vestigial, undifferentiated gonads (Bruere and McNab, 1968; Chaffaux et al., 1987; Smith, 1996) . The parenchyma of such vestigial gonads is composed of structures that resemble degenerating sex cords, whereas the parenchyma of masculinized gonads closely resembles testicular tissue, with clearly defined tubular structures and interstitial Reproduction (2001) 122, 397-409 Research Freemartins are sterile XX/XY chimaeras that occur as a result of placental fusion between male and female fetuses during early pregnancy. Freemartins occur predominantly in cattle, although the prevalence of ovine freemartinism is increasing. In this study, the reproductive endocrinology of ovine freemartins was compared with that of normal sheep. Freemartins had significantly (P < 0.001) higher basal concentrations of LH and FSH than did normal ewes or rams, although the response of LH to GnRH (10 µg) was similar in freemartins, ewes and rams. Resting concentrations of oestradiol were similar in freemartins and ewes and were increased in both after eCG administration. Testosterone concentrations were higher in freemartins than in ewes, but were unresponsive to GnRH or eCG. Administration of 62.5 mg progesterone or 25 µg oestradiol twice a day for 3 days suppressed LH concentrations to baseline values in freemartins, ewes and rams. In ewes, 500 µg oestradiol administered twice a day caused preovulatory surges in LH concentrations, but suppressed LH in freemartins to baseline values. Thus, LH secretion can potentially be regulated in freemartins by gonadal steroids. FSH concentrations in freemartins were not suppressed by doses of inhibin that were effective in ewes and rams. Therefore, freemartins behave in part like castrated animals, as they have high basal concentrations of LH and FSH, which can be stimulated by GnRH and suppressed by gonadal steroids. Conversely, inhibin does not suppress FSH concentrations in freemartins, and freemartins have circulating concentrations of steroids intermediate between those of castrated and normal animals.
regions (McEntee, 1990) . It is common for masculinized gonads of ovine freemartins to descend from the abdominal cavity to an inguinal position. Freemartin heifers and freemartin ewes are invariably anoestrous, but many ovine freemartins display clearly masculine patterns of behaviour (Bruere and McNab, 1968; Chaffaux et al., 1987; Smith et al., 2000) .
Several hypotheses have been developed to explain the means by which placental fusion leads to the development of freemartinism. It is thought that anti-Müllerian factor, secreted from the gonad of the male fetus, crosses into the circulation of the female fetus, where it prevents development of the ovaries and paramesonephric ducts (Burgoyne, 1988; Behringer, 1995) . Further masculinization of the genital tract of the female fetus is caused by androgens from both the male fetus and, due to alterations in its patterns of steroidogenesis (Shore and Shemesh, 1981) , from the gonad of the female (freemartin) fetus (Jost et al., 1963; Dominguez et al., 1990) . Exposure of the fetal female hypothalamus to androgens also androgenizes its activity, such that the subsequent behaviour of the hypothalamo-pituitary axis is more likely to resemble that of a male than that of a normal female (Connolly and Resko, 1994; Herbosa et al., 1996) .
Relatively little is known of the reproductive endocrinology of freemartin animals. Some endocrine studies of bovine freemartins have been undertaken but, other than attempts to devise endocrine tests for the clinical diagnosis of the condition (Dobson and Davies, 1989; Spedding and Dobson, 1989) , few detailed studies have been made of ovine freemartins. The aim of the present study was to investigate the activity of the pituitary-gonadal axis of ovine freemartins, particularly so that the effects of masculinization on the reproductive endocrine system could be better understood. A series of four experiments was carried out to investigate the activity and feedback mechanisms of the reproductive endocrine axis in freemartin sheep after treatment with GnRH, eCG, progesterone, oestradiol or semi-purified bovine follicular fluid (inhibin).
Materials and Methods

Animals
Freemartins were obtained from a number of flocks of prolific ewes in south-west England. Freemartinism was diagnosed initially by the absence of oestrous cycles and the presence of a short (< 5 cm in length) vagina. The diagnosis was confirmed by demonstrating the presence of XX/XY chimaerism in lymphocytes (Long et al., 1996) that were cultured from sterile jugular venous blood samples. The freemartins were 1.0-2.5 years old. Control animals were either (i) 18-month-old intact ewes, (ii) intact rams of mixed ages or (iii) 18-month-old males that had been castrated shortly after birth (castrated males).
All of the experiments were carried out during the breeding season of the control ewes, starting in October and completed during February. Throughout the experiments the sheep were housed in pens containing 3-6 animals, under conditions of ambient photoperiod and temperature. Access to hay and water was available ad libitum and the sheep were also given 0.25 kg of molassed beet pulp per day. When freemartins were used in more than one experiment, there was an interval of at least 2 weeks between experiments. An interval of 4 weeks was allowed between Expts 3 and 4.
The sheep were killed at the completion of the experiments. Their reproductive tracts were recovered and those of the freemartins were described in detail. The freemartins were classified retrospectively into male-type and undifferentiated-type, on the basis of the macroscopic and histological appearance of their gonads.
Experiment 1: treatment with different doses of GnRH
The short-term responses of freemartins (n = 11) and control ewes (n = 15) to a low dose of GnRH (Expt 1a) and the longer-term response of freemartins and control ewes and rams (n = 8 per group) to a higher dose of GnRH (Expt 1b) were investigated. Oestrus was synchronized in control ewes by administration of two doses of 250 µg cloprostenol (Estrumate; Malinckrodt Veterinary Ltd, Harefield) 10 days apart, with the experiments taking place on day 9 or 10 of the cycle (12 days after the second cloprostenol injection). In Expt 1a, blood samples were collected by jugular venepuncture at -30, 0, 20 and 60 min relative to the time of administration of an i.v. bolus of 250 ng GnRH (Fertagyl; Intervet UK Ltd, Cambridge; Khalid et al., 1987) in 2 ml 0.9% (w/v) saline. All venepuncture samples were collected using evacuated glass tubes containing lithium heparin anticoagulant (Vacutainer; Becton-Dickinson, Meylan Cedex). In Expt 1b, jugular venous cannulae were positioned 24 h before the start of blood sampling. Blood samples (5 ml; sodium heparin anticoagulant) were collected at -2, -1, 0, 1, 2, 3, 4, 5 and 6 h relative to the time of i.v. administration of 10 µg GnRH (Fertagyl; Intervet UK Ltd; Rhind et al., 1989) in 2 ml 0.9% (w/v) saline.
Plasma was separated by centrifugation at 1000 g for 15 min immediately after the collection of blood samples and was stored at -20ЊC until assayed. Concentrations of LH were measured in all samples. Concentrations of testosterone were measured in all samples from Expt 1b, but in Expt 1a they were measured in the first and last samples from each animal only.
Experiment 2: treatment with eCG
The effects of eCG on gonadal steroids and gonadotrophins were studied in two experiments, using the animals studied previously in Expt 1. In Expt 2a, oestrus was synchronized in control ewes (n = 15) by the same cloprostenol-based regimen used in Expt 1. Blood sampling started on day 12 after the second cloprostenol injection. In Expt 2b, progestagen-releasing intravaginal sponges (medroxyprogesterone acetate: Veramix; Upjohn UK Ltd, Crawley) were positioned in the control ewes (n = 8) and blood sampling commenced 4 days after sponge placement. Other animals (Expt 2a: freemartins (n = 11); Expt 2b: freemartins (n = 8) and rams (n = 8)) were untreated before the start of blood sampling.
In both experiments, blood samples were collected by jugular venepuncture at 0, 24, 30, 48, 54 and 72 h relative to the i.m. injection of 1000 iu eCG (PMSG; Intervet UK Ltd) in 1 ml sterile water. Concentrations of LH and FSH were measured in all samples. Concentrations of oestradiol were measured in samples collected in Expt 2a, and testosterone concentrations were measured in samples collected in Expt 2b.
Experiment 3: steroid feedback on gonadotrophins
Freemartins, ewes and long-term castrated males (n = 5 per group) were treated with different doses of progesterone and oestradiol to examine their feedback effects upon gonadotrophins. The experiment was conducted over 6 weeks, with animals receiving progesterone, oestradiol or vehicle each week.
Ewes were given 250 µg cloprostenol (Estrumate; Malinckrodt Veterinary Ltd) 2 days before the start of the experiment to ensure lysis of any active endogenous luteal tissue. During week 1, each animal received i.m. injections of 12.5 mg (low dose) progesterone (Intervet UK Ltd) in 2 ml arachis oil, every 12 h for 72 h. Jugular venous cannulae were positioned during day 2 of treatment. On day 3, blood samples (2.5 ml; sodium heparin anticoagulant) were collected every 10 min for 6 h. After 2 days, the control ewes were given 250 µg cloprostenol (Estrumate). All animals were then rested for 2 days.
This protocol was repeated each week, changing the steroid treatments as follows: week 2: vehicle (2 ml arachis oil per 12 h); week 3: 25 µg oestradiol (Intervet UK Ltd) in 2 ml arachis oil per 12 h (low dose); week 4: vehicle (2 ml arachis oil per 12 h); week 5: 500 µg oestradiol (high dose) in 2 ml arachis oil per 12 h; and week 6: 62.5 mg progesterone (high dose) in 2 ml arachis oil per 12 h.
Concentrations of LH were measured in every sample. Concentrations of FSH, testosterone, progesterone and oestradiol were measured once a day in plasma that was pooled over 2 h of the sampling period.
Experiment 4: inhibin feedback on FSH
Semi-purified bovine follicular fluid was used as a source of inhibin to study the feedback regulation of gonadotrophins further. Oestrus was induced in control ewes (n = 5) by a single injection of 250 µg cloprostenol (Estrumate) 7 days before the start of blood sampling. Freemartins (n = 5) and rams (n = 5) were untreated before the start of the experiment. The freemartins were the same animals that had been used in Expt 3. Blood samples (2 ml) were collected every 2 h for 8 h per day for 5 days through jugular venous cannulae that had been positioned 24 h before the start of sampling. Day 1 of the experiment was a control period, during which baseline concentrations of FSH were established. On days 2, 3 and 4, bovine follicular fluid (5 ml) was administered twice per day (8 h apart) through the jugular cannulae. No follicular fluid was given on day 5 of the experiment. Concentrations of FSH were measured in all samples. LH concentrations were measured in the first, third and final samples of each day. Testosterone and inhibin concentrations were measured in one sample from each day.
Bovine follicular fluid was prepared from ovaries collected from a local abattoir. The ovaries were transported to the laboratory on ice, where fluid was aspirated from follicles > 6 mm in diameter. Small molecules were removed by incubation with 0.5% (v/w) activated charcoal (Sigma Chemical Co. Ltd, Poole) plus 0.1% (w/v) dextran (BDH Merck Ltd, Poole) at room temperature for 3 h, followed by centrifugation at 5000 g for 30 min and filtration of the supernatant to remove the charcoal. The resulting preparation was stored at -20ЊC until required. Inhibin content was validated by radioimmunoassay at sequential dilutions. Significant increases in circulating concentrations of inhibin were observed after administration of the follicular fluid to sheep.
Hormone assays
Concentrations of LH, FSH, testosterone and oestradiol were measured using established radioimmunoassay techniques (McNeilly et al., 1986; Parkinson and Follett, 1994; Mann et al., 1995) . Concentrations of progesterone were measured by the ELISA method described by Groves et al. (1990) . Concentrations of inhibin were determined using the method of Beard et al. (1990) , modified by using the antiserum prepared by Robertson et al. (1989) and validated for use in sheep by Miller et al. (1997) . Details of reagents and assay validation criteria for each of these assays are given ( Table 1) .
Analysis of data
All endocrine data were normalized by logarithmic (log e ) transformation and were subjected to analysis of variance with respect to gender (freemartin, ewe, ram or castrated male) and time, in a repeated measures model in which individual animals were nested within gender. Least significant differences were calculated where statistically significant effects were noted (Snedecor and Cochran, 1967) . In a number of the experiments no significant differences between undifferentiated-type and male-type freemartins were present in the initial analysis. Data for such experiments were reanalysed with undifferentiatedtype and male-type as a single group.
In Expt 3, an episode of LH secretion was considered to have occurred when: (i) there was an increase in concentration from the preceding nadir of at least 1 ng ml -1 ; (ii) concentrations were increased for at least three consecutive samples between successive nadirs; and (iii) the rate of decay was within the limits of the known half-life of LH (Geschwind and Dewey, 1968; Lamming and McLeod, 1988) . Episode frequency and amplitude were calculated from this information. These data were not subjected to statistical analysis.
Results
Classification of freemartin types
The freemartins were classified retrospectively into 'male' and 'undifferentiated' types, on the basis of the anatomical and histological appearance of their gonads at post-mortem examination. Male-type freemartins had large gonads that resembled testes macroscopically. The gonads were either in an inguinal position or were situated in the ventral abdomen near the internal inguinal ring. These animals also had rudimentary epididymides, vasa deferentia, pampiniform plexes or vesicular glands. Histologically, the parenchyma of their gonads contained tubular structures and interstitial tissue, thereby resembling the testes of prepubertal animals. The gonads of undifferentiated-type freemartins were small (approximately 0.5 cm in length), situated within the broad ligament and had the gonadal whorls characteristic of undifferentiated gonadal parenchyma. Structures derived from the paramesonephric ducts were vestigial in both male-type and undifferentiated-type sheep.
Summary of results
A generalized summary of the results of each experiment is shown (Table 2 ). Data from undifferentiated-and maletype freemartins are presented separately for the sake of completeness, even when data from the two types of freemartin were combined subsequently for statistical analysis. Detailed results of each experiment are given below.
Experiment 1
Of the 11 freemartins used in Expt 1a, eight were classified retrospectively as male-type and three as undifferentiated-type. Six of the freemartins used in Expt 1b were male-type and two were undifferentiated-type.
In Expt 1a, mean LH concentrations were significantly (P < 0.001) higher in male-type (7.47 Ϯ 0.44 ng ml -1 ) and undifferentiated-type (7.83 Ϯ 0.28 ng ml -1 ) freemartins than in ewes (0.77 Ϯ 0.06 ng ml -1 ). Small but nonsignificant increases in LH concentrations occurred in all groups of animals after GnRH administration. Mean testosterone concentrations were significantly (P < 0.01) higher in male-type (1.08 Ϯ 0.01 ng ml -1 ) than undifferentiatedtype (0.06 Ϯ 0.01 ng ml -1 ) freemartins and ewes (0.07 Ϯ 0.01 ng ml -1 ), but no significant changes in testosterone concentrations after GnRH treatment were observed in any group (data not shown, but see Table 2 ).
In Expt 1b, there was a significant (P < 0.001) interaction between gender and time (with respect to administration of GnRH) in determining LH and testosterone concentrations ( Fig. 1a ). Pre-treatment LH concentrations in freemartins were significantly (P < 0.001) higher than in ewes or rams. Concentrations were significantly increased after GnRH treatment, with maximum concentrations occurring 1 h after treatment. Maximum values in rams were significantly (P < 0.05) higher than in ewes, with freemartins (undifferentiated-type and male-type) occupying an intermediate position.
The pre-treatment testosterone concentrations of Mean concentration (ng ml -1 ) 9.0 6.9 2.7 ê 1.03 ê -Post-treatment Mean concentration (ng ml -1 ) 9.2 6.5 6.5 é 1.15 ê -MF: male-type freemartin, UF: undifferentiated-type freemartin; bFF: bovine follicular fluid. ê é : Significant (P < 0.05) increase or decrease in concentration above or below basal values. a Data from undifferentiated-and male-type freemartins were combined for statistical analysis. b Means of the combined data were significantly different from basal values (P < 0.05). The time to peak concentration is relative to the time of administration of GnRH or eCG. Where a time value is given in parentheses, the difference between peak and basal values was not significant.
freemartins were significantly higher than in ewes but lower than in rams (both P < 0.05). Testosterone concentrations were significantly (P < 0.05) increased in rams after administration of GnRH, whereas no such increase occurred in ewes. In both male-type and undifferentiatedtype freemartins, there was a small but non-significant increase in testosterone concentrations after administration of GnRH.
Experiment 2
Eight male-type and three undifferentiated-type freemartins were used in Expt 2a. Data from undifferentiatedtype and male-type freemartins are presented separately for this experiment. In Expt 2b, six of the freemartins were male-type and two were undifferentiated-type. There were no significant differences between the endocrine data from undifferentiated-type and male-type freemartins in this experiment, so these data were combined and re-analysed.
Steroids. In Expt 2a, the pre-treatment concentrations of oestradiol ( Fig. 2a ) in male-type (2.7 Ϯ 0.8 pg ml -1 ) and undifferentiated-type (3.5 Ϯ 1.0 pg ml -1 ) freemartins did not differ significantly from those of control ewes (5.0 Ϯ 1.9 pg ml -1 ). In control ewes, oestradiol concentrations increased significantly (P < 0.01) by 30 h after eCG administration (27.8 Ϯ 4.1 pg ml -1 ) and remained above pre-treatment values for the remainder of the experiment. A shorter-term increase in oestradiol concentrations was observed in male-type freemartins: by 30 h after eCG administration their oestradiol concentrations (17.0 Ϯ 6.3 pg ml -1 ) were significantly (P < 0.01) higher than during the control period but, although values continued to increase until 48 h after administration of eCG, they returned to pre-treatment values thereafter. In undifferentiated-type freemartins, a transient increase in oestradiol concentrations (maximum value: 10.8 Ϯ 3.4 pg ml -1 ) occurred 48 h after administration of eCG. However, concentrations had decreased to pre-treatment values by 54 h.
In Expt 2b, testosterone concentrations (Fig. 2b) during the pre-treatment period were highest in rams (1.32 Ϯ 0.35 ng ml -1 ) and lowest in ewes (0.09 Ϯ 0.01 ng ml -1 ; P < 0.01). Values in freemartins (0.86 Ϯ 0.36 ng ml -1 ) were significantly different (P < 0.05) from those in either rams or ewes. No significant changes in testosterone concentrations occurred in ewes, undifferentiated-type or male-type freemartins after eCG treatment. However, in rams, concentrations increased significantly (P < 0.05) from 24 h after treatment until the end of the experiment (24 h: 7.6 Ϯ 1.3 ng ml -1 ; 72 h: 21.7 Ϯ 4.4 ng ml -1 ).
Gonadotrophins. The patterns of LH and FSH concentrations were similar in both Expt 2a and Expt 2b (Fig. 3a) , with significant (P < 0.001) differences in concentrations among groups of sheep relative to the time of administration of eCG. In both experiments, pre-treatment LH concentrations in male-type and undifferentiated-type freemartins were higher (P < 0.01) than in ewes. Small but nonsignificant increases in LH concentrations occurred in freemartins after eCG administration, whereas in ewes (Expts 2a and 2b) and rams (Expt 2b), concentrations of LH were significantly (P < 0.01, P < 0.05 and P < 0.05, respectively) higher 24 h after administration of eCG than in the pre-treatment period. Such increases in LH concentrations were sustained for the remainder of the experiment.
Similarly, in both Expts 2a and 2b, pre-treatment FSH concentrations in male-type and undifferentiated-type freemartins were higher (P < 0.05) than in ewes (Fig. 3b ). There were no significant effects of eCG administration on the FSH concentrations of freemartins in either experiment. However, a significant (P < 0.01) decrease in FSH concentrations was observed in all the ewes and rams from the time of eCG administration for the remainder of the experiments. 
Experiment 3
Three of the freemartins used in this experiment were classified retrospectively as male-type and two as undifferentiated-type. The steroid administration regimens increased circulating concentrations of progesterone and oestradiol into the physiological (low dose) or supraphysiological (high dose) ranges (Table 3 ). There were no significant differences in concentrations of steroids among groups of sheep within a treatment period or between the two control periods.
There were significant differences in LH and FSH concentrations (both P < 0.001) among freemartins, ewes and castrated males during the different steroid treatments. Data from the two control periods were combined, as there were no significant differences in any parameter of LH or FSH secretion between the two periods. Likewise, there were no differences between undifferentiated-type and male-type freemartins during any treatments, so these data were also combined. During the control periods, LH concentrations (Table 2) in castrated males and freemartins were significantly (P < 0.01) higher than in ewes. The low dose of progesterone did not affect LH concentrations in any of the groups of animals (Table 2 and Fig. 4a ), but the high dose of progesterone suppressed LH below control values in all groups (P < 0.05). The low dose of oestradiol suppressed LH concentrations of castrated males, but not of ewes or freemartins, to below control values (P < 0.05). Preovulatory LH surges (as determined by LH concentrations > 7 ng ml -1 in sequential samples throughout the period of blood sampling) were detected in three ewes after administration of the high dose of oestradiol, but this treatment suppressed LH concentrations in freemartins and castrated males below those of the control periods (P < 0.01). LH pulse frequency (Fig. 4b) was very low in all groups during treatment with the high dose of progesterone. In freemartins, the LH pulse frequency was lower during all of the periods of steroid treatment than during the control periods, but a substantial decrease in frequency during administration of the high doses of both steroids was observed in castrated males only. In ewes, no LH pulses were evident except during administration of the high dose of oestradiol.
Circulating concentrations of FSH were high in freemartins and castrated males throughout the experiment and were unaffected by any steroid treatment. Concentrations in ewes were significantly (P < 0.01) lower than in either freemartins or castrated males, and concentrations in ewes were also lower during administration of high doses of progesterone or either dose of oestradiol (all P < 0.05) than at other times (Table 2 ).
Experiment 4
Of the freemartins used in this experiment, three were male-type and two were undifferentiated-type. Initially, the data were analysed separately for the two groups of freemartins but the data were subsequently combined, as there were no significant differences in any of the endocrine parameters between the two types of freemartin.
Circulating concentrations of inhibin (Fig. 5a ) were significantly (P < 0.01) higher in rams than in ewes or freemartins throughout the experiment. In both ewes and freemartins, inhibin concentrations increased significantly (P < 0.01) during the period of bovine follicular fluid administration. An increase in inhibin concentrations also occurred in rams during bovine follicular fluid administration, but the difference from control values was not significant. After cessation of bovine follicular fluid administration, inhibin concentrations of ewes and freemartins decreased back to control values. Concentrations in rams also decreased after the cessation of bovine follicular fluid administration, decreasing to values that were significantly (P < 0.05) lower than during the control period.
There was a significant (P < 0.001) interaction between gender and time (with respect to the administration of bovine follicular fluid) in determining FSH concentrations ( Fig. 5b) . Pre-treatment concentrations in freemartins (overall mean for undifferentiated-type and male-type: 8.79 Ϯ 0.88 ng ml -1 ) were significantly (P < 0.05) higher than in ewes (3.87 Ϯ 0.06 ng ml -1 ) or rams (2.15 Ϯ 0.59 ng ml -1 ). Throughout the period of bovine follicular fluid administration, FSH concentrations in ewes and rams were significantly lower than pre-treatment values. By day 3 of treatment, values had decreased to 2.68 Ϯ 0.61 ng ml -1 in ewes (P < 0.01) and 0.83 Ϯ 0.20 ng ml -1 in rams (P < 0.01).
On the day after cessation of bovine follicular fluid treatment, FSH concentrations had increased slightly in rams (1.15 Ϯ 0.34 ng ml -1 ; not significant) and significantly in ewes (6.54 Ϯ 0.85 ng ml -1 ; P < 0.01). In contrast, FSH concentrations in freemartins were maintained at very high values throughout the experiment (overall mean for the 5 days: 8.56 Ϯ 0.82 ng ml -1 ) and were unchanged by bovine follicular fluid administration. Likewise, LH concentrations (Table 2 ) in freemartins were unaffected by bovine follicular fluid administration, remaining at much higher values (P < 0.01) than in either ewes or rams. LH concentrations in rams were unaffected by bovine follicular fluid administration, whereas in ewes, a small but significant (P < 0.05) increase in concentrations occurred over the duration of investigation.
Discussion
A considerable degree of masculinization was observed in the ovine freemartins used in these experiments, as 17 of the 24 animals had large, testis-like gonads that were located in the vicinity of the inguinal canal. The other seven freemartins had small, undifferentiated gonads. Such a pattern of gonadal development is typical of the descriptions of ovine freemartinism in the literature (for example, Bruere and McNab, 1968) and is the reverse of the situation in cattle, in which most freemartins have vestigial gonads (Marcum, 1974; Khan and Foley, 1994) . The freemartins with testis-like gonads (male-type) also had many other masculinized features, such as the presence of epididymides, vasa deferentia and vesicular glands. Moreover, they had structures resembling pampiniform plexes and cremaster muscles associated with the gonad. A lesser degree of mesonephric duct development was present in freemartins with undifferentiated gonads (undifferentiated-type), although most had rudimentary vesicular glands. Structures derived from the paramesonephric ducts were absent or vestigial in both undifferentiated-type and male-type freemartins. Again, these patterns of development of the paramesonephric and mesonephric ducts are representative of previous descriptions of bovine and ovine freemartinism (Bruere and McNab, 1968; Marcum, 1974; McEntee, 1990) .
Many studies of the embryological differentiation of the genital system have indicated that the development of the mesonephric duct is androgen-dependent (Jost et al., 1972; Wilson et al., 1983) . Development of the urogenital sinus into the external male genitalia is dependent on dihydrotestosterone, whereas development of the upper parts of the mesonephric ducts into structures such as the epididymis is dependent on testosterone (Schultz and Wilson, 1973; Siiteri and Wilson, 1974; Wilson et al., 1980; Tsuji et al., 1991) and can be prevented by administration of antiandrogens (Steinbecker et al., 1970) . In freemartins, transformation of the female gonad is thought to be initiated by anti-Müllerian factor from the male co-twin (Burgoyne, 1988) , while much of the subsequent development of the masculinized phenotype of freemartins is driven by androgens from the male co-twin and from the freemartin gonad itself (Shore and Shemesh, 1981; Dominguez et al., 1990) . Masculinization occurs largely during the embryonic and fetal periods, but probably persists into post-natal life, as Greene et al. (1979) found that testosterone treatment of bovine freemartins continued to cause clitoral development after birth.
The results of the present study demonstrate the presence of significant quantities of testosterone in the circulation of ovine freemartins, thereby confirming earlier reports from small numbers of animals (Saba et al., 1977; Braun et al., 1983; Bosu and Basrur, 1984; Kenny et al., 1992) . These results, together with the presence of 3β-hydroxysteroid dehydrogenase within the interstitial-like tissue of the gonads (Smith, 1996) , indicate that the gonad is the likely source of the steroid, whereas the much lower concentrations of testosterone in undifferentiated-type compared with maletype freemartins makes an extra-gonadal (for example, adrenal) source improbable. However, testosterone concentrations were almost completely unresponsive to either GnRH (Expt 1) or eCG (Expt 2b) administration, which might be considered as evidence against a gonadal source of steroid. It is possible that masculinized freemartin gonads are inherently unresponsive to gonadotrophins (for example, due to an absence of specific receptors) or their gonads may be already fully stimulated by the high circulating concentrations of GnRH present. Some support for this hypothesis can be found in the study of Schanbacher (1979) , who reported that testosterone concentrations of cryptorchid bulls are unresponsive to GnRH. However, the gonads of fetal bovine freemartins are responsive to LH for a longer period of gestation (> 120 days) than normal male fetal gonads (up to day 75 of gestation; Shore et al., 1984) . It seems that freemartin gonads cease to be responsive to gonadotrophic stimulation at some point between the end of the first trimester of pregnancy and adulthood, a long time after masculinization begins.
The patterns of oestradiol concentrations, particularly their responsiveness to stimulation by eCG, are the most difficult of the present results to understand, for they indicate that the vestigial gonads of undifferentiated-type freemartins can produce oestrogen in a gonadotrophinresponsive manner. For male-type freemartins, such a response presents no problems, as the presence of seminiferous tubule-like structures within their gonads may permit the Sertoli-like cells of the tubules to undertake a substantial amount of oestrogen synthesis. The similar resting concentrations of oestradiol in undifferentiated-type freemartins and normal ewes, or the mechanism by which those concentrations might be affected by eCG, are more difficult to explain. Indeed, it was expected that ovine undifferentiated-type freemartins would have behaved much more like their bovine counterparts, which have low or undetectable circulating oestradiol concentrations and very slight gonadal oestrogenic activity only (Dominguez et al., 1990) . Nevertheless, the gonads of even undifferentiated-type freemartins contain 3β-hydroxysteroid dehydrogenase and alkaline phosphatase. These enzymes are not associated with the gonadal whorls, but are scattered throughout the interstitium, in cells that do not display the morphological characteristics of steroidogenic tissue (Smith et al., in press). Lun et al. (1998) showed that the mesonephros is capable of steroid synthesis independent of the fetal gonad. Moreover, mesonephric tissue does not have the morphological characteristics that are classically associated with steroidogenic activity. It is possible that the persistence of mesonephric remnants within the vestigial gonad of undifferentiated-type freemartins explains the presence of steroidogenic activity. The sequence of masculinization of bovine freemartin gonads described by Vigier et al. (1977) supports such a contention. Inhibition of ovarian development is complete by day 50 of gestation, and is followed by the earliest phase of masculinization, namely the development of the mesonephros (up to day 75). Development of seminiferous cords and interstitial tissue does not take place until between day 90 and day 100. If the gonad of the undifferentiated-type freemartin is considered to be an intermediate stage between degeneration of the ovary and the full gonadal masculinization of typical ovine freemartins, it is possible that mesonephric remnants are present within the gonads of undifferentiated-type freemartins. If so, and if such tissue were to persist into adulthood, the steroidogenic activity of the mesonephros reported by Lun et al. (1998) could account for the oestrogenic activity of undifferentiated-type freemartin gonads.
Several previous studies of freemartin ewes support the present findings that peripheral concentrations of LH and FSH are very much higher than in intact animals, with a pattern of pulsatility that resembles that of castrated males (Saba et al., 1977; Dobson and Davies, 1989; Spedding and Dobson, 1989) . Wilkes et al. (1978) reported that peripheral LH concentrations of freemartins were higher than in ovariectomized ewes and, in the present study, LH concentrations in freemartins were higher than in castrated males. Given this high LH secretion in freemartins, the responses to GnRH stimulation were largely as expected; namely, that no increase in LH concentrations was observed in freemartins in response to a low dose of GnRH (Expt 1a), whereas their response to a much higher dose of GnRH was only small (Expt 1b). Gonadotrophin responses of intact ewes to eCG administration were also largely as expected, with concentrations of LH increasing and those of FSH decreasing. Conversely, changes in gonadotrophin concentrations in male-type or undifferentiated-type freemartins in response to eCG were small, probably because of the lack of follicular tissue within their gonads.
Nevertheless, in Expt 3 it was clear that freemartins were as susceptible to the negative feedback effects of oestrogen and progesterone on LH as either intact ewes or castrated males. However, freemartins did not display a positive feedback response to oestradiol, such as occurred in normal ewes. This finding indicates that the LH surge mechanism may be ablated in freemartins, which is a common feature of masculinization of the female hypothalamus (Herbosa et al., 1996) . No other investigations of positive feedback responses of ovine freemartins were found, although some studies have been undertaken in cattle that support the results of the present experiments. For example, Saba et al. (1976) reported that only one of 19 freemartins underwent an LH surge after administration of 500 µg oestradiol, although a higher dose (1.0 mg) was more effective (Cunningham et al., 1977) . In the present study, ovine freemartins received either 50 or 1000 µg oestradiol per day, so it appears that they are, if anything, even less sensitive to its positive feedback effects than their bovine counterparts. This finding may be a further indication of the greater degree of masculinization in ovine compared with bovine freemartins.
However, the most remarkable result from the present study was the failure of inhibin to suppress FSH secretion in freemartins. Although the dose of inhibin that was used was effective at suppressing FSH concentrations in ewes and rams in the present and other studies (Cummings et al., 1983; Findlay and Clarke, 1987) , it failed to suppress FSH concentrations in freemartins. This lack of responsiveness to high doses of inhibin provides strong evidence for a dysfunction of the feedback of inhibin on FSH in freemartins.
In conclusion, the endocrine effects of the masculinization that occurs during development of freemartins are widespread. Not only does morphological alteration of the gonad and genitalia take place, but the relationships between the gonadal endocrine products and their trophic regulators are also significantly affected. The main evidence for the alteration of the function of the freemartin hypothalamo-pituitary axis is derived from the failure to elicit a positive feedback response of LH to oestradiol (a response regulated via hypothalamic pathways) and from the abnormal responses of FSH to inhibin feedback. This perturbation of the hypothalamo-pituitary-gonadal axis of freemartin sheep cannot be explained simply by reference to the reproductive endocrinology of ewes or of intact or castrated males.
